. The aetiological agent, viral haemorrhagic septicaemia virus (VHSV, species Piscine novirhabdovirus, ICTV 2017), is a member of the genus Novirhabdovirus of the family Rhabdoviridae (Walker et al., 2000) . Based on sequence analysis of the glycoprotein (G), nucleocapsid (N) protein and non-virion (NV) protein genes, four genotypes (I, II, III and IV) have been described. The molecular classification represents geographical differentiation (Einer-Jensen, Ahrens, Forsberg, & Lorenzen, 2004; Snow et al., 2004) and host specificity to varying degrees (Emmenegger, Moon, Hershberger, & Kurath, 2013; Skall et al., 2005) . Currently, genotype IV is divided into three subgroups, that is genotype IVa that occurs in marine environment of the North-Eastern Pacific Ocean, Japan and Korea (Bernard, Bremont, & Winton, 1992; Garver et al., 2013; Hedrick et al., 2003; Traxler, Kieser, & Richard, 1999) , genotype IVb, a freshwater isolate found in the Laurentian Great Lakes region (Elsayed et al., 2006; Thompson et al., 2011) , and genotype IVc that occurs in estuarine environment on the east coast of Canada (Gagné et al., 2007; Pierce & Stepien, 2012) . Salmon louse (Lepeophtheirus salmonis) is one of the biggest concerns in the salmon industry today (Torrissen et al., 2013) .
Measures applied to fight the louse have included the use of various chemicals but since the louse often becomes resistant and given that long time use of chemicals is unacceptable for environmental reasons (Burridge, Weis, Cabello, Pizarro, & Bostick, 2010) , other methods such as the use of cleaner fish have been adopted (Aaen, Helgesen, Bakke, Kaur, & Horsberg, 2015) .
Promising results obtained in sea lice control using lumpfish as cleaner fish have led to rapid increase in the number of farms producing lumpfish juveniles in countries around the North Atlantic Ocean. In Norway, the estimated production of lumpfish juveniles in 2015 was 12-14 million and 24-25 millions in 2016 (Fish health report 2016). In Iceland, lumpfish juveniles have been farmed for export since 2014.
In the current paper, we describe the occurrence, isolation and characterization of new VHSV isolates originating from wild lumpfish caught in shallow waters on the south coast of Breiðafjörður Bay in West Iceland (approximately 65. 0754°N-22.7298°W) . Further, results of phylogenetic analysis, based on full G-gene sequences, may indicate that the Icelandic isolates are part of a new subgroup of VHSV genotype IV. This is the first isolation of VHSV in Iceland and the first time that genotype IV is found in Europe. In addition, as a first step to a comprehensive evaluation of the risk of using lumpfish as cleaner fish in the salmon industry, we report the results of challenge trials conducted in lumpfish and salmon with the newly discovered VHSV isolates.
| MATERIAL AND ME THODS

| Case description
In July 2015, brood fish was caught in Breidafjördur Bay and transferred to a land-based farm. The temperature in the bay in July was 9°C and salinity 34.8‰. The land-based facility uses borehole sea water with a constant temperature of 9°C and 32‰ salinity. Part of the catch was sampled in mid-July, a few days after arrival and another part 2 weeks later. Remaining brood fish was kept in the facility for some weeks. On both sampling occasions, 80 fish were dissected for kidney, heart and spleen samples for analysis in five fish pools. When sampled, the brood fish did neither show external nor internal macroscopic signs of disease.
Due to time constraint, the samples were frozen at −80°C and processed for cell culture in September. When these samples were being processed, two groups of juvenile lumpfish on the farm that had been in tanks adjacent to the wild brood fish for 4-6 weeks showed clinical signs of a disease and some mortalities occurred. One group originated from a batch of eggs obtained in May 2014 and was intended to become F1 brood fish while the other group consisted of fingerlings obtained from spawning in April 2015. Some of the fish in these groups had greyish nodules on the spikes, erosion and superficial ulcers were present on the skin and the gills were pale. Necropsy revealed pale organs, especially kidneys, spleen, liver and hearth. Three individuals from the older group and five from the younger group were sampled for histopathology and virological examination.
| Histopathology
Tissue samples fixed in 10% phosphate-buffered formalin from the two groups of juveniles were processed and embedded in paraffin wax according to standard procedures. Sections (4-6 μm) were stained with Giemsa and examined by light microscopy.
| Virological examination
Pooled samples consisting of heart, spleen and kidney from lumpfish were processed according to procedures given in Commission Implementing Decision 2015/1554/EC. Briefly, samples were homogenized (according to guidelines diluted 1:10 w/v) and the samples cleared by low-speed centrifugation. 150 μl of the supernatants was inoculated in 10-fold dilutions onto subconfluent monolayer of BF-2 (Wolf, Gravell, & Malsberger, 1966) and EPC (Fijan et al., 1983) cell cultures in 24-well tissue culture plates. Inoculated cultures were incubated at 15°C and inspected regularly for the occurrence of cytopathic effect (CPE) at 40× magnification. When CPE was evident, the cell culture medium was collected for virus identification. The virus was identified as VHSV by ELISA using Monoclonal Antibody (Mab) IP5B11 (Skall, Slierendrecht, King, & Olesen, 2004) . Two isolates, one from the wild brood fish and one from the juvenile group, spawned in April 2015 (named IS_15_19852_1 and IS_15_19852_3) were sent to the EURL for fish disease for confirmation and further characterization.
| PCR and sequencing
RNA was extracted from cell culture supernatant with the RNeasy (Qiagen) according to manufacturer's instructions. For diagnostic purposes, real-time RT-PCR for the detection of VHSV RNA was performed according to Jonstrup, Kahns, Skall, Boutrup, and Olesen (2013) . For further characterization of the Icelandic isolates, the full G-genes were amplified and sequenced using the GB ±primer pair (Einer-Jensen et al., 2004) . RT-PCR was performed using the One-Step RT-PCR kit (Qiagen) following the protocol recommended by the manufacturer but in a 25 μl reaction, final primer concentration of 0.6 μM each and 5 μl of RNA template. 
| Phylogenetic analysis
A data set including sequence of the full G-gene (1,542 nt) for 100 VHSV isolates was aligned using Muscle 3.8.425 (Edgar, 2004) as implemented in the Geneious ® 11.0.2 (Biomatters Ltd.). Besides the two Icelandic isolates, the alignment includes all publicly available sequences of VHSV genotype IV, as well as selected isolates all other VHSV genotypes (Table 1) . A maximum-likelihood tree was generated using PyML 3.2.2 (Guindon et al., 2010) using the GTR+G substitution model. Branch support values were calculated with 1000 non-parametric bootstrap replicates in the program RAxML v. 8.2.11 (Stamatakis, 2014) .
| Bacteriology
Kidney samples were streaked directly onto blood agar with 2% NaCl (BA-NaCl), incubated at 16°C and observed every other day for a week.
| Infection trials
Two infection trials were conducted in the high contained experimental facility at DTU-AQUA (comparable to biosafety level BSL 3 for terrestrial animal). Experimental procedures were in accordance with the recommendations in the current animal welfare regulations under licence 2013-15-2934-00976. The protocols were approved by the Danish Animal Research Authority. Experimental fish were monitored on a daily basis regarding the state of health and environment.
| Fish
A batch of approximately 500 lumpfish juveniles, mean weight 5 g, were imported from a commercial company in Iceland. The facility is declared free from listed diseases. Screening for bacteria was performed by streaking kidney samples from 10 fish onto Blood Agar, TYES and Marine Agar. One pool of three fish was screened for virus as described in the paragraph of virological examination.
Atlantic salmon juveniles, mean weight 14 g, were imported from a commercial farm and brought into the quarantine facility of DTU-AQUA. The farm is certified free from listed diseases and from IPNV and BKD as well. Screening for bacteria was performed as described above.
| Virus isolate
The Icelandic VHSV isolate IS_15_19852_1 from broodfish was propagated in BF-2 cells and titrated by TCID 50 (Reed & Muench, 1938 ).
| Trial 1
This experiment aimed to assess the pathogenicity of the new VHSV isolate in lumpfish. Naive juveniles were infected by immersion or by I.P. injection. Both infection routes were performed in triplicate tanks containing 30 fish each. Fish were maintained in 8 L tanks run with 1 L/h flow-through renewal of UV-treated marine sea water (salinity 30‰). The aerated water temperature was maintained at 12 ± 1°C, photoperiod was L:D 12:12, stocking density below 60 kg/ m 3 and feeding 1.5% of biomass. The tanks were kept closed with a transparent lid to prevent contamination by aerosols and prevent fish from jumping out. Negative controls included two tanks containing 30 lumpfish sham-injected with EMEM (50 μl) and two tanks with 30 fish exposed by sham immersion for the same time 30 shaminjected lumpfish with Eagle's minimal essential medium (EMEM) (50 μl) as infected fish with filter sterilized cell culture supernatant from uninfected cells, BF-2 cells.
Immersion challenge: To obtain a concentration of approximately 10 5 TCID 50 ml −1 water, the virus isolate was added to a vial containing 10 ml dilution of EMEM (pH 7) according to the titre. Water supply was stopped when the viral solution was added and the immersion exposure time was 7 hr, after which continuous flow was resumed.
Intra-peritoneal challenge: Virus isolate was mixed in a vial with 10 ml dilution medium to obtain a dose of approximately 10 5 TCID 50 per fish in an injection volume of 50 μl. Fish were anaesthetized by bathing in benzocaine solution (80 mg/L), injected intraperitoneally with a new needle (29 G) and syringe for each tank group and transferred to tanks with running salt water.
TA B L E 1 Viral haemorrhagic septicaemia virus (VHSV) isolates used in this study arranged by genotype, location and species 
The numbers of clinically affected fish were recorded daily, and moribund fish were collected, killed, pooled and processed as described in virological examination paragraph. The trials were terminated after 28 days. Surviving fish were killed with an overdose of benzocaine (800 mg/L) and counted. Ten single fish from the each of the three tanks infected by immersion were collected and processed for virus isolation. Negative fish were also collected, obtaining two pools of five fish from each negative control tank that were processed for virus isolation.
| Trial 2
This experiment aimed to investigate viral transmission in a cohabitation setting.
The trial was set up in 150 L tanks, run with 15 L/h flow-through renewal UV-treated marine sea water (15‰ salinity) at the following conditions: 12 ± 1°C, L:D 12:12; stocking density below 60 kg/m 3 ;
and feeding of 1.5% of biomass. The tanks were kept closed with a transparent lid to prevent contamination by aerosols and prevent fish from jumping out. Lumpfish shedders were injected as in trial 1 (same viral batch production, same injection volume) and tagged by clipping the dorsal fin. The shedders were cohabited with naïve lumpfish and Atlantic salmon. This setting was performed in duplicate, and 30 lumpfish shedders were cohabited with 30 naïve lumpfish and 50 naïve Atlantic salmon. As a negative control, one tank was included where 30 lumpfish injected with media were cohabited with 30 naïve lumpfish and 30 naïve Atlantic salmon. In order to monitor the progress of infection in the at selected time points, that is 3, 5, 7, 10, 14, 21 and 28 days postinfection, a set of specimen consisting of three fish from each group (three lumpfish shedders, three lumpfish cohabitants and three salmon cohabitants) were collected, killed and sampled. In order to mitigate the impact of reduction in fish due to sampling at selected time points on the disease development in the tank challenged with VHSV, specimen was collected alternatively (i.e., one infected tank at 3, 7, 14 and 28 dpi,; the other tank at 5, 10 and 21 dpi). At the end of the trial, 10 salmon were sampled from each of the infected tanks, and two pools of five fish (one of salmon and one of lumpfish cohabitant) were collected from the negative control tank. At each sampling point, the spleen was aseptically dissected from single fish, placed in RNAlater and tested by real-time RT-PCR for VHSV as described above. 
| RE SULTS
| Disease outbreak
| Histopathology
Varying degrees of pathological changes were observed in most organs of the VHSV-infected juveniles. Haemorrhages were observed in skeletal muscles of some infected fish and commonly associated with thinning, loss of striation and necrosis of muscle fibres (Figure 1a ).
Pathological changes in the kidney were characterized by focal, and in some cases, disseminated, necrosis and haemorrhages in the hematopoietic tissue as well as vacuolar degeneration of kidney tubules (Figure 1b-d) . In the liver, focal necrosis was observed and pyknosis and karyolysis observed in the affected areas (Figure 1e,f) . Similarly, focal necrosis was commonly observed in the spleen and the pancreas (Figure 1g ). The most prominent histopathological changes in the gastrointestinal tract were observed in the glandular part of the stomach, characterized by severe vacuolar degeneration and in the most severe cases a total necrosis of large areas (Figure 2a,b) .
Furthermore, focal vacuolar degeneration was observed in the muscular parts of the gastrointestinal tracts. In some cases, the epithelial lining of the intestines was necrotic and sloughed off. The heart was characterized by disseminated degeneration, especially of muscle fibres in the myocardium, but also to some extent in the epicardium.
Many of the endocardial cells, covering the inner layers of the myocardium, were seemingly hypertrophic (Figure 2c ). In some cases, these changes were associated with considerable haemorrhage and infiltration of inflammatory cells. In the gills, hypertrophy of epithelial cells, especially in the basal parts of the secondary lamellae, was commonly observed (Figure 2d ).
| Virus characterization
To determine the genotype of the Icelandic isolates, the full Ggene was sequenced for two isolates, one from the wild brood- 
| Infection trials
| Infection trial 1
Intra peritoneal injection of the IS_15_19852_1 VHSV isolate decreased survival to 0; 3 and 7% in triplicate tanks during 28 days of the trial. Clinically affected fish showed haemorrhages and ascites.
VHSV was isolated from every fish that succumbed to the infection.
All I.P. sham-injected fish survived. In the immersion trial, 93%, 83%
and 90% of challenged as well as control fish survived (Figure 4a) .
The virus was not isolated from any sample of non-survivors or from samples taken at the end of the infection trial 1. Bacteriological examinations, conducted on the fish which did not survive in the immersion trial, tested negative. 
| Infectious trial 2
The VHSV cohabitation challenge was conducted in three tanks, including duplicate tanks for virus challenge and one negative control tank. No reduced survival, neither for lumpfish nor the salmon, was recorded in the negative control tank. In duplicate tanks exposed to VHSV, the survival of lumpfish was 7 and 17% for the shedders and 43 and 50% for the cohabitants, respectively (Figure 4) . VHSV was reisolated from the lumpfish that did not survive and therefore consid- Sampling at selected time points was conducted as described
above. An overview of the results is provided in Figure 5 . It was possible to sample lumpfish shedders only at three time points (3, 5 and 7 dpi); afterwards, no survivor was available for this.
Notably, lumpfish shedders tested positive at the first two time points (3 and 5 dpi) with low Ct values whereas at 7 dpi. fish tested negative, suggesting clearance of the virus after acute clinical disease. VHSV RNA was detected in the spleen of Lumpfish cohabitants 3, 5 and 15 dpi. The proportion of positive fish per time point was 1 out of 3 (at 3 dpi) and 2 out of 3 (at 5 and 15 dpi) indicating efficient transmission of the virus horizontally.
| D ISCUSS I ON
In this paper, isolation and characterization of VHSV, originating in wild lumpfish on the west coast of Iceland, are described. This constitutes the first report of VHSV in Iceland and the first time that VHSV is isolated from lumpfish. Phylogenetic analyses possibly suggest a novel subgroup of genotype IV.
Sea lice, especially the salmon louse, cause increasing challenges to net pen salmon aquaculture worldwide. The increase in resistance to traditional therapeutic treatments and the fact that long time use of chemicals is unacceptable for environmental reasons (Burridge et al., 2010; Fallang et al., 2004; Lees, Gettinby, & Revie, 2008) have led to the adoption of alternative methods such as the use of cleaner fish (Aaen et al., 2015; Imsland et al., 2014; Rae, 2002) . This cohabitation of species calls for thorough screening for pathogens, followed by risk assessments (Murray, 2016) . Experiments have demonstrated that marine fish species can function as reservoirs and transmitters of troutadapted VHSV isolates (Schönherz, Lorenzen, & Einer-Jensen, 2013) .
The cleaner fish industry still relies mostly on wild-caught fish, and the lumpfish production in Iceland uses wild-caught broodfish. So far, this has led to the isolation of two previously unknown viruses, that is a ranavirus (Guðmundsdóttir 2016 , Stagg et al. 2017 ) and the VHSV isolates reported in the present paper. (Kim & Faisal, 2011; Skall et al., 2005) . All previous isolates of genotype IV have originated not only from fish around the Pacific Ocean in North America, Japan and Korea, but also from the Atlantic coast of United States (IVa) (Bernard et al., 1992; Elsayed et al., 2006; Garver et al., 2013; Meyers & Winton, 1995; Traxler et al., 1999) , in the great lakes on the border of United
States and Canada (IVb) (Elsayed et al., 2006; Lumsden et al., 2007) or on Canadian East coast (IVc) (Gagné et al., 2007; Pierce & Stepien, 2012 (Hall et al., 2013) . The finding of VHSV genotype IV in Lumpfish in Iceland and VHS genotype III in wrasse on the Shetland Isles north of Scotland in 2012 (Munro et al., 2015) highlight how cleaner fish captured from the wild may harbour relevant pathogens for farmed stocks.
The findings reported here and the ones described by Munro and colleagues (Munro et al., 2015) underline the need for targeted surveillance (Murray, 2016) and warrant an extension of the list of susceptible species for VHSV in European legislation and in the OIE aquatic code.
In order to investigate the virulence of this new isolate, infectious trial under experimental conditions were conducted. In the first trial, the isolate was shown to be highly pathogenic in I.P. injected lumpfish (0; 3 and 7% survival 5 days postchallenge). In the immersion challenge, neither clinical signs nor reduced survival that could be ascribed to VHSV virus was observed, despite long exposure time and high viral titre. In a second trial, using cohabitation, horizontal transmission of the virus was investigated ( Figure 5 ). Lumpfish cohabitants experienced clinical signs and showed reduced survival (43 and 50%).
Interestingly, all lumpfish shedders 7 dpi. and the only survivor sampled 15 dpi. tested negative possibly suggesting a rapid clearance of the virus. Lumpfish cohabitants were detected positive at three time points during the infectious trial, and prevalence of VHSV positive fish varied between 33 and 66% at each time point. In this trial, only spleen samples were examined, and future study using larger fish will allow a better description of tissue tropism during VHSV infection in lumpfish.
This suggests that cohabitation is a well-suited model to reproduce natural infection in lumpfish under experimental condition.
The second aim of the cohabitation trial was to investigate the transmission from infected lumpfish to naïve salmon. Notably, no transfer was observed under our experimental conditions. A small amount of Atlantic salmon cohabiting lumpfish shedders was terminated during the experiment due to the appearance of clinical signs. These fish were thoroughly analysed to investigate the presence of VHSV; however, it was neither possible to re-isolate viable VHSV particle nor detect VHSV RNA by real-time RT-PCR in spleen samples of these fish. In order to better understand whether VHSV was transferred from lumpfish shedders to Atlantic salmon cohabitants, survivors were collected at the end of the experiment and analysed. Samples tested negative. Possibly, Atlantic salmon included in the present study suffered minor reduced survival due to lack of adaptation to increased salinity used in the experimental setting.
Future studies will address further characterization of the genome of this new isolate to better define the genotype and a refined risk assessment, assessing the virulence of this strain for farmed salmonids in Europe. Susie Sommer Mikkelsen for initial characterization of the isolate and the whole team at Fish disease group at DTU-AQUA for technical support.
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